Abstract: This paper is based on the information gathered within the Multi-Material MicroManufacture (4M) Network activities in the Processing of Metals Division (Task 7.2 'Tooling') (www.4m-net.org). The aim of the task involves a systematic analysis of the partners' expertise in different microtechnologies for processing tooling inserts made of metal. The following technologies have been analysed: micromilling, micro-electrodischarge machining (EDM, including wire-EDM, sinking-EDM, and EDM-milling), laser micromachining, electroforming, and electrochemical milling (ECF) (an electrochemical machining innovative process proposed by HSG-IMAT). Considered tool-insert materials are nickel for electroforming, stainless steel for ECF, and tool steel (AISI H13) for all other processes. Typical features (ribs, channels, pins, and holes) required by micro-optics, microfluidics, and sensor and actuator applications have been selected to form the benchmark part and to carry out this analysis.
INTRODUCTION
The use of microproducts has been strongly increasing through the past 5 years and market surveys predict an even larger increase [1] . The market is demanding industrial technologies for manufacturing large number of products at a reasonable price. The demand can be satisfied by the use of replication technologies, such as micro-injection moulding and hot-embossing. In contrast, the mould and die industry in Europe has more than 5500 companies, with an average size of 23 employees and total sales of E10 000 million. Therefore, mould making is an important industry in Europe, dominated by smallmedium enterprises, and having a strong competition from USA, Japan, and other Asian countries.
All reviews of microtechnologies agree with the two following statements:
(a) mass production of microparts must be based on replication technologies; (b) quality and performance of a replicated micropart depend mainly on the quality and performance of the corresponding micromould.
Thus, for several years, a large and still increasing effort has been carried out by several research institutes to analyse and describe the characteristics of processes at microscale in order to satisfy the needs of the production industry. Up to now, many problems have been identified and possible solutions have been given, but still there is a large number of unanswered questions concerning stability and reliability of a microprocess. Thus, if a product has to be manufactured, the questions of what type of process could achieve the desired accuracy, the production output, and the best process stability remain. One of the aims of the article is to give an overview of the available production processes at a microscale suitable for metal tooling production. Microtechnologies are usually divided into two large groups.
1. Lithographic processes. These processes have evolved from the two-dimensional technologies applied in the production of circuit boards. They can produce stair-by-stair (referred as two and a half-dimension) structures with very high resolution in XYZ. Most of these technologies must be applied in a clean-room environment. They can machine a limited range of materials (silicon being the most documented material) with a maximum aspect ratio close to 1:100, which can be improved for some techniques such as LIGA. 2. Ultraprecision processes. These processes have evolved from the usual industrial production technologies for precision components. The applied machinery is adapted for micromachining: smaller tools, higher resolution, environmental isolation, etc.
Searching through the available information on microtechnologies, it seems like lithographic and ultraprecision processes are competitors for the production of microsystems. Nevertheless, if a deeper analysis is performed, these technologies are complementary and do compete only in some particular cases, just as it happens between different machining technologies. Considering both types of process, it can be stated that the development of the micromanufacturing processes is mainly in the following three streams:
(a) the first is the downscaling of existing processes used in precision engineering such as micromilling, microturning, laser machining, microforging, microcasting, etc; (b) the second is the upscaling process used in semiconductor industry such as lithography and photo chemical-based processes; (c) the third stream is the developing of new manufacturing technologies and/or machining techniques directly bridging the gap between semiconductor industry and precision engineering.
When comparing micromanufacturing processes, they can be rated depending on their minimum amount of material removal, specific processing energy, and surface quality (Table 1 ). All these technologies applied to microstructures with sizes less than 20 mm, structural details in the range of 0.2 mm, and surface roughness of about R z , 50 nm are of interest and considered in the range of bridging the gap between semiconductor and precision engineering industries. Aspect ratios of features exceeding 20 are also obtainable by some of the available technologies and also are of interest. Microproducts from the aforementioned range made in polymers could be used for micro-optics, microfluidics, and medical and biomedical applications. Microproducts with two-, two and a half-, and three-dimensional structures can be reproduced by injection moulding, but then the main challenge is the prior need to evolve the mould microgeometry.
PROCESSES: DESCRIPTION AND CAPABILITIES
This article deals with microtooling manufacturing processes such as micromilling, micro-EDM, laser ablation, electrochemical machining (ECM), (ECF), and electroforming. The objective is to show the micromanufacturing capabilities within the MultiMaterial MicroManufacture (4M) Network and to identify the existing gaps between laboratory research and industrial application.
Micromilling
Micromilling is characterized by mechanical interaction of a sharp tool with the workpiece material, causing fracture inside the material along defined paths, eventually leading to the removal of the useless part of the workpiece in the form of chips [2] . In order to realize such a process, the tool material must be harder than the workpiece material and no thermally activated diffusion must take place between tool and workpiece materials. Moreover, the tool edge radius must be smaller or in the order of the dimension of the cut thickness. Considering that the dimensions of the machined features are in the order of tens of microns, the desired values for the chip thickness and consequently the tool edge radius should be in the order of hundreds of nanometres.
Recently, using molecular dynamics simulation, the minimum possible thickness of cut has been estimated to be less than 1 nm for copper and aluminium, with a diamond tool having an edge radius of less than 10 nm. Perfect cutting conditions were assumed. Monocrystalline diamond is therefore the most suitable tool material but it implies a limitation with regard to the workpiece materials because of its high chemical affinity with steel, which causes diffusion and unacceptable wear. Another necessary condition for micromilling processes is the availability of ultraprecision machines in order to realize smooth and accurate movement, minimum vibrations, and high spindle speed. Computer numerically controlled ultraprecision machines with 5 nm positional accuracy in different directions have been reported [3 -5] , enabling the manufacturing of microparts by micromilling.
Tool fabrication is another important issue for the application of microcutting technology. For industrial application, micropowder (0.3 mm particle size) sintered tungsten carbide (WC) two flutes end mills of 100 mm in diameter are commercially available, with an edge radius of the order of 1 -2 mm. Smaller diameter sizes are still at the research phase. In any case, the commercial offer is limited and there are no different geometries for different materials, being an important problem because most of the tools are designed for steel machining. The commercial tools have a well-defined geometry with small tolerances. The tolerances indicated in the catalogues for the sum of geometrical error plus run-out error are of +10 mm. The real errors are usually smaller (+5 mm), but even in the best case, the tolerance-to-size ratio is poor when compared with when conventional high-speed machining mills. A second option is to use tailor-made tools at a higher cost. These mills can present a custom geometry (face angle, helix angle, rake angle) and the diameters can be as small as Ø0.01 mm. The geometry of the tools presents a high dispersion, this issue being important when changing the tool to continue a machining process.
The market offers micromills with different coatings: TiAl, TiAlN, CBN, CBD, etc. However, high tool wear appears when hard materials are machined, changing drastically the tool condition and consequently the process performance. Tool wear ( Fig. 1 ) has a considerable detrimental effect on the process performance. It affects the achieved accuracy, roughness, and generation of burrs and leads to increased vibrations in the system. It is also the reason why it is usual to use two or more mills per operation. Tool change is a critical operation because the tool run-out, tool height, and collet run-out are modified; thus, it must be performed carefully, cleaning all the cone, collet, tool, and nut and applying controlled torques.
The most attractive advantage of micromilling is the possibility of five-axis machining of 
Fig. 2 Burr generation and manual removal in micromilling
Comparison between microfabrication technologies for metal toolingthree-dimensional microstructures characterized by high geometric complexity and large variety of materials: all kinds of steel up to 62 HRC, metals such as Al, Ti, Cu, and brass, polymers, ceramics, and glass. Material removal rate is the highest so far among the micromanufacturing technologies, but not enough in most of cases for final part direct manufacturing. Its operating way is similar to conventional milling, but taking into account the change in the order of magnitude of the main process parameters and dimensions. However, an important issue in micromilling is burr removal (Fig. 2) . Owing to the feature size and the overall dimensions of the machined parts, conventional methods such as grinding, polishing, or ECM for burr removal are impossible to apply. Therefore, special techniques for burr removal as well as burrfree machining strategies have to be developed. 4M Network micromilling capabilities for industrial application are summarized in Table 2 , and the test part produced as demonstrator can be seen in Fig. 3 .
Micro-EDM
Electrical discharge machining (EDM) is a noncontact machining process for conductive materials, which has been applied for more than 40 years and has proved particularly useful in the tool making industry. Because of its high precision and the good surface quality it can produce, EDM is potentially very suitable for microfabrication [6, 7] . The EDM process utilizes the thermo-electric energy released between a workpiece and a highly charged electrode submerged in a dielectric fluid. A pulsed electrical Yes discharge across the small gap (known as the 'spark' gap) between the workpiece and the electrode removes material from the workpiece through melting and evaporation. EDM is used to machine conductive hard and brittle metals.
Comparing the micro-EDM process with the conventional EDM, the main differences are the electrode dimensions, the higher resolution of the machine, and the capability to produce less energetic pulses (100 nJ). As Masuzawa explained [8] , the pulse energy is proportional to voltage, intensity, and spark duration. The process is also different in terms of sludge removal, process parameters, and electrode wear. 4M Network micro-EDM capabilities for industrial application are summarized in Table 3 .
Micro-die-sinking EDM involves the use of an electrode, which is shaped inversely to the desired shape of the workpiece (Fig. 4) . As part of the material is removed, the electrode is slowly lowered into the workpiece until the resulting cavity copies the shape of the electrode. Dielectric fluid flushed between the electrode and the workpiece removes the debris created by the process and protects the surface of the workpiece and the electrode from oxidization. For this method of micromachining, the electrode must be very accurately made and should have microfeatures offset by the size of the spark gap. Therefore, another microfabrication method should be used in advance. Very often, this makes the geometry of the electrode impossible. The electrodes are mainly made of copper, very fine grade of graphite, or tungsten copper. When using die sinking to produce microfeatures, special attention should be paid to the uneven wear between micro-and macrofeatures of the electrode. For that reason, direct die sinking with a shaped electrode containing microfeatures is not very popular. The process requires many electrodes, which makes it difficult and not cost-effective.
Micro-wire EDM uses a fine metallic wire to apply the cut (Fig. 4) . The wire itself is eroded in the process, but it is continuously pre-tensioned and fed from a spool through the workpiece, keeping the diameter of the wire constant in the cutting area.
The trend to reduce the diameter of the wire [9] used has caused many problems with handling electrodes and parts. Initially, existing wire machines were adapted to take smaller diameter wires (down to 0.03 mm), but this demanded significant time for machine preparation. The distance from the spool position to the threading nozzle was long, which caused a great deal of inconvenience for the installation of the wire. The dynamic forces on the brakes could not be taken easily by the very thin wire. This resulted in frequent wire breaks, which required manual intervention. Even on the newly developed microwire machines, manipulating and handling of wires with diameters as small as 0.02 or 0.03 mm can be difficult. When microparts are manufactured Fig. 4 Schematic view of die-sinking and wire EDM processes
Comparison between microfabrication technologies for metal toolingon a wire machine, handling of the parts can also be challenging. Special measures should be considered after a separation cut to avoid losing parts into the tank of the machine. The most widely used dielectric fluids in microwire electrodischarge machining (micro-WEDM) are oil that permits cutting with a smaller gap and deonized water. The oil has higher resistivity than water, reducing both the energy of the spark reaching the part and the gap width. Thus, it is possible to reach higher precision and smaller surface roughness. However, its disadvantage is that the productivity is ten times lower. The wire is made of brass or steel and coated with zinc or tungsten. WEDM is widely applied in the manufacturing industry for machining tools such as wire extrusions and drawings, punches, and dies.
With microwire EDM, the main issues in workpiece preparation relate to the production of small holes used for threading the wire into the workpiece.
Depending on the profile to be machined, these holes could have microdiameters with a very high aspect ratio. Usually, they are produced either by conventional drilling or by EDM drilling. The accuracy of positioning the hole(s) with respect to the measuring point on the workpiece should be high. This is to ease the automatic threading procedure and to avoid short-circuiting after threading, although automatic threading through such holes, even on specialized microwire machines, is difficult.
The machining forces are very low, but not negligible in the case of micromachining. The forces acting on the wire cause it to bend (static component) and vibrate (dynamic component). As a consequence, the real wire position varies from the nominal position programmed for the guides. Thus, the machined part inherits the deviations, of the wire movements, which appear as errors in wall straightness and also errors in the corners where direction of wire movement changes. In thin wires, these deviations are important errors especially when machining acute angles or very small features. Micro-EDM milling or trajectory EDM is a process in which a three-dimensional path is commanded to a simple shape electrode (Fig. 5(c) ), and by consecutive movements of the electrode, the required three-dimensional shape is generated. Rod or tube of diameter between 0.1 and 0.4 mm of tungsten carbide or tungsten is most commonly used as an electrode. The electrode can be EDM-ground if a smaller diameter is required. To avoid handling difficulties and error stack-up when the electrode is manufactured externally to the EDM machine, additional devices are used to prepare the electrode on the machine (Fig. 5(a) ). The working electrode is eroded against a sacrificial electrode in an operation known as EDM grinding (Fig. 5(b) ). A problem is that the shape, dimension, and roughness of the ground electrode is not easy to control.
Despite the use of advanced CNC controllers and the high degree of automation of EDM machines, there is still a lack of CAM tools to support micro-EDM. One of the main reasons for the limited application of micro-EDM milling to the machining of complex three-dimensional cavities is the difficulty of generating tool paths using existing CAM systems. In particular, those systems do not permit electrode wear compensation, nor support variation of the slice thickness or allow the direction of cut to vary with each slice [10, 11] .
Laser micromachining
Laser micromachining provides a new method of producing parts in a wide range of materials directly from CAD data [12] . Laser micromachining is a relatively new process that removes material in a layerby-layer fashion. It is an ablation operation causing vaporization of material as a result of interaction between a laser beam and the workpiece being machined.
The removal of material during laser ablation is affected by the characteristics of the laser beam and the workpiece but is mainly determined by the way the two interact. The most important factors influencing this interaction are as follows.
Laser radiation features
These features can be controlled and modulated in an ordered sequence of pulses with a predetermined pulse length (duration) and repetition rate (frequency). This allows the accumulated energy to be released in very short time intervals, which generates the extremely high power. In addition, the laser beam can be focused on a very small spot. This significantly increases the energy density (fluence) and power density (intensity) in the area of the spot. Thus, extremely high intensities (10 13 -10 18 W/cm 2 ) not achievable by any conventional machining technique can be unleashed in the laser -material interaction zone. This explains why laser milling can successfully process materials that are difficult to machine using conventional methods.
The wavelength of the laser is also a factor that affects laser milling. Laser radiation is monochromatic, which means that stable processing conditions can be maintained because the substrate response and properties remain relatively uniform. The ablation mechanism that governs the material removal process is affected by an important laser radiation feature, its photon energy. Finally, interaction between laser radiation and the plasma formed in the process must be taken into account, as it reduces overall machining efficiency [13] .
Characteristics of the workpiece material
The response to laser radiation is influenced by a number of characteristics of the workpiece material. Laser ablation occurs only when the substrate material absorbs strongly in the wavelength of the transmitted radiation. Hence, to optimize machining Fig. 6 (a) Electrodischarge-machined microhole [16] with (b) typical EDM pattern surface [17] Comparison between microfabrication technologies for metal toolingresults, it is essential to match the laser source with the material being worked. Generally, higher absorption efficiency leads to more effective laser milling. Laser absorptivity [14] can be increased in a number of ways, for example, by varying the surface finish or applying a surface coating. The thermal conductivity of the substrate is another key factor. Material removal efficiency is affected by the dissipation of absorbed energy within the bulk of the material, other energy losses, and the dimensions of the heat-affected zone. During laser ablation, the affected material passes through several transition phases depending on the process parameters. Thus, material transition energies such as the latent heat of melting and the latent heat of vaporization are most significant. This is demonstrated by the fact that metals melt more easily than ceramics but are considerably more difficult to vaporize and consequently respond less well to laser ablation.
Laser radiation absorption mechanisms
As previously mentioned, when laser radiation impacts on the substrate, the electrons are excited by the laser photons. This absorbs the energy of the photons and generates considerable heat, which is transferred to the material lattice in picoseconds, resulting in very high temperatures that can create local melting or vaporization [15] . Energy loss through electron heat transport to the bulk of the substrate is undesirable, as it can raise the temperature of the surrounding material and create heataffected zones. However, for very high intensities, which can be achieved by laser processing, nonlinear effects take place and become a factor for stronger energy absorption. In the case of extreme intensities, as in ultrashort pulse ablation, the bond electrons of the material can be directly dislocated.
Laser ablation mechanisms
These mechanisms are mainly controlled by the following three factors: electron cooling time (t e ), lattice heating time (t i ), and laser pulse duration (t L ). As a rule t e ( t i , and for most materials, t i is in the picosecond range. Three different ablation regimes exist depending on the laser pulse length: femtosecond pulses (t L ,t e , t i ), picosecond pulses (t e , t L , t i ), and nanosecond and longer pulses (t e , t i , t L ). In case the laser milling machine operates with the longer type of pulses, the absorbed energy melts the material and heats it to the vaporization temperature, but there is a significant time delay while the thermal wave propagates into the material. Evaporation occurs from the liquid material. Secondary effects include a heat-affected zone, a recast layer, microcracks, surface damage caused by shockwaves, and debris from ejected material. In addition, the vaporized material forms a hot plasma from the leading edge of the pulse, and this plasma is sustained during the rest of the pulse. Owing to the plasma shielding effect (the plasma absorbs and defocuses the pulse energy), a higher fluence or irradiance for deeper penetration is required. In the case of femtosecond pulses, a resolution of 1 -2 mm is achievable without a heataffected zone (Fig. 7) .
Laser ablation is a cost-effective process for manufacturing small batches of parts. It allows parts with complex shapes to be produced without the need for expensive tooling. Laser milling is most suitable for machining parts with one-sided geometry or for partial machining of components from one side only. Complete laser milling of parts is also possible but difficulties in accurately re-positioning for additional set-ups have to be addressed. The influence of the process parameters is complex and must be optimized to obtain the highest part quality.
Electrochemical milling
Electrochemical milling (ECF, where F is the German acronym for milling) with ultrashort voltage pulses is a new technique to machine hard materials such as stainless steel 1.4301 and other electrochemically active materials. The tool movements are similar to conventional milling machines (Fig. 8) . Nevertheless, ECF is an electrochemical process, hence both workpiece and tool are submerged in an electrolyte and held at a constant potential to prevent corrosion. Short voltage pulses in the range of 10-100 ns are applied between tool and workpiece. With these pulses, the electrochemical doublelayer capacitance on the surface of the workpiece is charged over the resistance of the electrolyte. Because the resistance increases with respect to the distance between the Fig. 7 Hole Ø30 mm and 0.3 mm depth in stainless steel with a femtolaser tool and workpiece, the time constant of the charging also changes. As charging takes place only during the time of the pulse, the double-layer is sufficiently charged to generate an anodic dissolution of the workpiece only in a defined working distance around the tool. Surface areas further away from the tool are not affected by the ECF process. This leads to a confined milling with a high spatial resolution. Furthermore, the working distance is proportional to the applied pulse width. Thus, the working distance and hence the spatial resolution of the process can be varied between 10 and 5 mm and below just by adjusting the pulse width.
ECF is a pure electrochemical process, i.e. ion transport from the workpiece into the electrolyte takes place. Owing to this, no remelting of the surface of the workpiece (as in EDM) or other conversion occurs. Furthermore, virtually no forces act on the tool. Thus, tools with diameters down to 5 mm and below and with arbitrary shapes -like grooving cutters, rounded cutters, or ball cutters -can be used (Fig. 9) . The tools are made from tungsten wire, electrochemically etched with static potentials, to achieve the required diameter. Afterwards, the tip shape is formed using the ECF process. This forming can be done in situ in the ECF machine prior to the processing of the workpiece.
The milling strategies are similar to that of conventional milling, although the tool in the ECF process does not rotate. This allows production of threedimensional structures and freeform surfaces. At the moment, mainly stainless steel 1.4301 is processed with the ECF technique because of the good experience with this system. At present, a cutting speed is achieved of about 1 mm/s, which is of the order of the speed of EDM machines (Table 4) . If the speed is higher than the dissolution, the tool Comparison between microfabrication technologies for metal toolingcomes into contact with the workpiece forming a short circuit. This is detected by the ECF machine and the motion of the tool is stopped. Because this event appears mainly on inhomogeneities of the steel, a strategy of tool movements is started to remove the contact and continue the ECF process.
4M Network ECF capabilities for industrial application are summarized in Table 4 , and the test part produced as demonstrator can be seen in Fig. 10 . It is composed of five ribs, each 100 mm deep and 1 mm long, with width varying from 20 to 100 mm. The distance between them is 100 mm. The outer contour was high-speed cutting-milled and the grooves between the bars were ECF-processed into stainless steel 1.4301.
Electroforming
Previous processes are used to machine the mould directly into a certain material (tool steel), but in this case it is necessary to machine the inverted features in a material that is easy to dissolve (Al7075 or Al6063) and then produce the mould by depositing nickel or copper on the surface until a suitable thickness has been reached (Fig. 11) .
As the metals or alloys (Tables 5 and 6 ) grown by electroforming are deposited at relatively low temperatures, they tend to be very fine grained when compared with forging, physical vapour deposition, etc. The very fine-grained materials (good sulphamate nickel has a grain size between 70 and 80 nm) will recrystallize when exposed to higher temperatures during hot-embossing or injection moulding. Recrystallization will lead to an increase in grain size and a corresponding decrease in hardness. The influence of recrystallization on the side-wall roughness in a microfluidic system is, in most cases, insignificant, but for replication of optical components, the increase in roughness can be damaging to the performance.
Depending on the shape of the tool, it is, in many cases, an advantage to machine the positive shape -and replicate it in nickel using electroforming -rather than to machine the negative shape directly (Fig. 11) . If the tool insert is going to be used for, e.g. microfluidic systems, it would be easier to make channels in an aluminium substrate (positive) than to machine the corresponding ribs (negative) in tool steel. Furthermore, the machining speed, wear on tool, and machining accuracy significantly improved when working in aluminium alloys when compared with tool steel.
4M Network produced a test part, similar to the micromilling process, as a demonstrator of industrial capabilities. It is composed of pins, holes, channels, and ribs (Fig. 12) .
TECHNOLOGICAL GAPS -CONCLUSIONS
The main weak point regarding manufacturing of microtooling is the inability to obtain free threedimensional shapes with sizes below 10 mm. Micromilling is the most suitable process for making three-dimensional forms. However, it is very problematic with sizes below 0.1 mm in tool steels and impossible to obtain feature sizes below 50 mm.
WEDM with thin wires, smaller than 50 mm (20 -30 mm), allows better accuracy and surface roughness but is limited to ruled geometries. Fig. 12 4M test part for electroforming process is composed of pins, holes, channels, and ribs
Fig. 11 Electroforming versus direct machining
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Micro-die-sinking EDM is also very problematic for obtaining feature sizes below 50 mm, and the roughness is still poor for replication purposes. A very promising alternative is micro-EDM milling. However, it is a new process that requires a huge effort to characterize the electrode wear and to define optimum path generation strategies. Laser ablation micromachining is another promising alternative that must compromise between ablation rate and accuracy obtained. A similar situation occurs for ECF, a very promising alternative at a laboratory-level experimentation stage. Finally, there are clean-room technologies, based on silicon machining processes, in which a patterned surface is electroformed to obtain a very accurate micromould (feature size ,5-10 mm). However, this is suitable only for two and a half-dimensional geometries and not for tool steels.
The tables previously presented in this document show a summary of tooling process capabilities. In some papers, it is possible to see different figures for better results from the processes. Usually, this is a one-off result and definitely not applicable for microtooling application. We can state that industrial applications in three-dimensional micromoulds are more focused in the meso scale than in the micromoulds. The existing manufacturing systems for micromoulds in industry are based on Si machining, which are not really three-dimensional free forms. Hence, the gap that this proposal intends to fill is to fabricate three-dimensional free form microtooling with the same accuracy and surface quality as the two and a half-dimensional tooling obtained with clean-room technologies.
